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INTRODUCTION 
The plant environment fluctuates at all time scales. The growth of plants can be considered as 
a process of capturing ephemeral radiative energy and converting it into more lasting forms. 
Plants can cope with fluctuations that occur within a few seconds, but the effects of these 
fluctuations become only noticeable at a time scale of weeks or even longer. This short 
overview will discuss some important environmental and physiological processes in terms of 
their temporal characteristics. It is intended to be complementary to the more extensive 
process-based overview of Van de Geijn et al. (1997, this volume). 
The diurnal and seasonal cycles in the plant environment are the most pronounced ones. 
Their repetitiveness has caused life to adapt to these cycles. The time scales of these cycles 
provide us with natural borderlines between different domains which we could call the short-
term, the middle term and the long term time domain respectively. Through modelling, it is 
possible to connect these time domains, and indeed different levels of integration (Ehleringer 
and Field, 1993; Goudriaan and Van Laar, 1994~ Rabbinge and Van Ittersum, 1994; 
Haxeltine et al., 1996). 
The following course division of processes is possible according to their time scale: 
- Within a day : the short-term. 
These processes are mostly at the cellular level. They are functional processes, such as 
metabolism, gas exchange and nutrient uptake. 
-From a day to a season: the middle-term. 
These processes are often morphological as they refer to formation and growth of new 
organs, giving shape to the organism as a whole. 
- Ecosystem processes operating on the long-term. 
Soil and populations of plants and animals together form the ecosystem. Ecosystem 
processes relate to soil formation but also to vegetation composition and to genetic drift 
within the populations. 
Research in these areas is often profoundly different in character. The functional process 
scientist tends to work in a laboratory environment, the organism scientist uses pot or field 
experiments involving treatment levels and periodic harvests, and the ecosystem scientist 
prefers the undisturbed natural environment, relying on natural variations (Walker and 
Steffen, 1996). · 
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transport, and subsequently into the fonnation of ATP from ADP and NADPH from NADP. 
This chemical energy will drive the. fonnation of RubP from PGA after which the dark 
processes of photosynthesis can begin. The dark processes are much slower, typically they 
have a time coefficient. of a few minutes, as follows from the duration of the post-
illumination burst of photorespiration. The C02 response of photosynthesis is located in these 
dark reactions. Although these are slower than the light. reactions, still the response is very 
fast and for all practical purposes we can call it an immediate re~ction. 
b) Micrometeorology and transpiration 
The equilibration of leaf and canopy temperature to altered ambient conditions is a physical 
process that has a time coefficient of the order of one minute. Latent heat loss by 
transpiration plays an important role in this equilibration, and in fact it is responding equally 
fast. The air characteristics inside the plant canopy are closely connected to those above the 
plant canopy and will follow them almost immediately. Only under a nocturnal inversion 
may the coupling be lost, so that the micrometeo.rological conditions may deviate somewhat 
more from those above. 
Soil temperature will follow air temperature at a much slower rate, and its time coefficient is 
rather of the order of one day (up to about 20 em depth) or even one month (up to 1 m depth). 
c) Substomatal C02 concentration 
The diffusion of C02 into the substomatal cavity is a physical process. The time coefficient 
of this process can be estimated as the ratio of the substomatal volume and the stomatal 
conductance. Typical values are 0.1 of a mm air thickness per leaf area, and a stomatal 
conductance of0.01 m s·', which leads to a ratio of0.01 s. This means that substomatal C02 
(and also water vapour) can follow the external conditions practically instantaneously. If any 
storage occurs, it is not in the gaseous phase. 
d) Stomatal conductance (Leuning, 1995) 
Transpiration is driven by radiative energy and drying power of the air, but it is controlled by 
stomatal aperture. The response of stomatal aperture to the environmental conditions (a 
physiological response) is slower than the response of leaf temperature and transpiration (a 
physical response). Stomatal opening is caused by a process of gaining or losing turgidity in 
the guard cells and apparently this process costs time, typically of the order of 15 minutes up 
to one hour. 
e) Plant water content (Van leperen, 1996; Kowalik et al., 1997) 
Plants, especially under dry conditions, are known t9 go through a diurnal cycle of water 
content and water potential. The reservoir of internal plant water is extremely small: if cut, a 
plant in the full sun will wilt within a few minutes. This can be !Jnderstood by comparing rate 
of transpiration (up to 1 mm per hour) with the water reservoir which is at most 1 mm per 
ground area. A loss of 30% of this reservoir is lethal to most crop plants. This fast response 
means that most plants will closely follow the diurnal course of evaporative demand. If they 
exhibit a longer lag phase, it must be due to a larger storage/leaf area ratio which can occur 
after leaf absciss.ion, by using storage water in stems and fruits (melons!) and by lags in the 
soil surrounding the roots. 
f) Short-term assimilate reservoir 
Assimilates are fonned during the daylight hours, but they are being consumed all the time. 
The net result is an repetitive diurnal course of assimilate content, rising during the day and 
' 
' 
Temperature normally stimulates the consumption rate of assimilates, and so under higher 
temperature's the rate of decline wilt be faster. This increase of consumption will be 
accompanied by both an increase in respiration rate and an increase in the rate of conversion 
from assimilates into structural dry matter. 
2.2 The middle term processes (from one day to one season) 
The processes at this time scale are crucial for yield formation. 
The methods of study often rely on periodic harvests, which has serious implications for the 
accuracy of measurement. A growth rate can then only be found by comparing organ sizes 
derived from different individuals at subsequent moments in time. The intrinsic variability 
between individuals necessitates smoothing from replicated observations, white securing 
statistical requirements. Because of this disadvantage, it is a challenge to devise experimental 
methods for non-destructive measurements (Van Ieperen, 1996). Spatial size is easier to 
measure non-destructively than biomass or water content: 
The time scale of growth of individual leaves is about one week, considerably longer than the 
time scale of assimilate turnover. This means that an adaptation of leaf area is necessarily 
slower than the immediate response of growth to altered environmental conditions. The 
necessary buffering can occur through storage of assimilates in stems (GrUters et al., this 
volume) or in the leaves, leading to relatively fast changes in specific leaf area. In spring 
time, the relative growth rate of leaf area is stimulated by temperature at about 0.01 per 
degree day. Growth of roots is stimulated by abundance of above ground factors such as 
radiation and/or C02 concentration (Van de Geijn et al., this volume). 
Adaptive processes within the lifetime of a plant may occur. So-called downregulation of 
photosynthetic capacity as a reaction to elevated C02 has been observed, but does not always 
occur. 
In annual plants with a determinate growth pattern, the formation of sinks is limited to a 
relatively short period. If the conditions are good in this period, sinks are usually formed in 
great abundance. Competition between the growing sinks for. assimilates or nutrients will 
later cause abscission and abortion, such that a balance is obtained between the total size of 
the source and the sink. Plant varieties exhibit large differences in these ratios between 
different organs, which makes plant breeding an extremely powerful tool in shaping the right 
variety for the right environment (Evans, 1993). Some of the flexibility of plant growth 
comes from variability in rates of development for different phases of growth. There are 
early varieties and late varieties, some respond strongly to photoperiod and other varieties are 
day-neutral. The large importance of photoperiod was once more shown in the excellent 
review of Junttila ( 1996). Some varieties have a strong apical dominance so that there are 
almost no branches or tillers (sunflower, maize), others have a strong inclination to tillering. 
The strongly tillering plants are much more flexible in their adaptation to planting density. 
The growth of the root system has a large effect on the ability of the plants to extract soil 
water and soil nutrients. The performance of simulation models is critically dependent upon 
the correct representation of the processes within the soil domain. 
2.3 The long term processes (longer than one season) 
Trees, grasses and other perennial plants are influenced in their growth habit by their life 
history and the conditions in the previous growing season. The modelling of the trans-
seasonal effects is quite complicated and has to deal with bud formation in autumn, of 
It is not just the individual, also the complex structure of a forest as a whole will influence its 
functioning (Shugart, 1984; Prentice and Leemans, 1992; Pacala et al., 1995). 
Beyond the life of the individual plant or tree, the ecosystem composition is strongly 
influenced by climate. Numerous studies appeared on this topic (Holdridge, 1947; Box, 1981; 
Woodward, 1987; Bugmann, 1996; Bugmann, 1997; Kienast, 1991; Prentice et al., 1992). 
Ecosystem change may exert a feedback on climate (Smith ~t al., 1992; Neilson, 1993). 
Prolonged climatic change will cause a genetic drift in the population of a single species, and 
a change in species composition of ecosystems as a whole (Jackson et al., 1990; Huntley et 
al., 1997). In forests, it may take hundreds o.f years before the species composition has 
adapted to the new climate (Bugmann, 1997). 
Soil formation is a slow process, even on the time scale of ecosyst~ms (Lal et al., 1995; 
Rounsevell and Loveland, 1994). Decomposition of plant litter (Cadish and Giller, 1997) is 
one of the main causes of soil formation. Elevated C02 may alter its rate, and with it the rate 
of nutrient cycling (Comins and McMurtie, 1993; Van Ginkel et al., 1996). 
3. Prediction of long term responses 
Borderlines of species distribution (Bonan and Sirois, 1992; Emanuel et al., 1985; Huntley et 
al., 1997)' can be matched empirically to climatic borderlines, such as the forest-grassland 
boundary in Western Canada (Hogg, 1997). The borderlines of species distribution are the 
final result of the battle of competitive forces over a period of many years, but rare events of 
very short duration may still be decisive. A severe frost once in a lifetime may wipe out 
sensitive species that would otherwise have gained ground. This means that fast processes 
can be instrumental to understand a long term outcome. The prediction of such events, even 
if their character is known, is not a simple matter. 
The matching of climatic boundaries and ecosystem boundaries may become different when 
the climate alters. In addition to a separate effect of climate change, elevated carbon dioxide 
can be expected to induce a reduction of the moisture requirement of forests, and thus cause a 
gradual increase of forests at the expense of grasslands. The world-wide increase of nitrogen 
cycling may have completely different and still unforeseen consequences. · 
For agro-ecosystems the effects of climate change are better understood. Modelling has been 
strongly developed for agricultural crops (Pientinger and Penning de Vries, 1996; Porter, 
1993; Porter et al., 1995; Van Diepen et al., 1989; Van Keulen and Seligman, 1987; VanLaar 
et al., 1992; Goudriaan and Van Laar, 1994; Kartschall et al., 1996; Kartschall et al., 1995; 
Ingram, 1996; Matthews et al., 1995; Hunt and Pararajasingham, 1995; K.ropff et al., 1994; 
McCown et al., 1996). The above mentioned processes for the different timescales are mostly 
included in the available models. Pests and diseases compl.icate the modelling of crop 
growth, and the prediction of the outcome of climate change (Goudriaan and Zadoks, 1995). 
References 
ounan, o;o. <:x. vUVl~, Ll.,, 1:?:?•· 1"'\.ll u:; n, ,w, Ll'"'"" !S'v n-~u, q.nu ~"""' uv•~"""''" .......... v ... u'""''n 
rartge limits ta Pieea mariaRa. J.Veg. Sei. J(4): 49S 5.06~~"~~ ~~a~ "~ <MM~"'~~< MMaM~""~"~"~MM n< <« <~MM"< 
Bowes, G., Vu, J.C.V., Hussain, M.W., Pennanen, A.H. & Allen Jr, L.H., 1996. An overview 
of how rubisco and carbohydrate metabolism may be regulated at elevated atmospheric 
[C02] and temperature. Agricultural and Food Science in Finland 5: 261 - 270. 
Box, E.O., 1981. Macroclimate and Plant Forms: An Introduction to Predictive Modeling in 
Phytogeography. The Hague: Dr. W. Junk Publishers. 258 pp. 
Bugmann, H.K.M., 1996. A simplified forest model to study species composition along 
climate gradients. Ecology 77(7): 2055-2074. 
Bugmann, H.K.M. , 1997. Gap models, forest dynamics and the response of vegetation to 
climate change. In Huntley, B., Cramer, W., Morgan, A.V., Prentice, H.C. & Allen, 
J.R.M. (Eds.), 1997. Past and future rapid environmental changes: The spatial and 
evolutionary responses of terrestrial biota. Berlin: Springer-Verlag. NATO ASI Series 
Vol. 47, pp 441-453. . 
Cad ish; G. & Giller, K.E., 1997. Driven by nature: Plant litter quality and decomposition. 
CAB International. " 
Comins, H.N. & McMurtrie, R.E., 1993. Long-term response of nutrient-limited forests to 
C02 enrichment- equilibrium behavior of plant-soil models: Ecol. A.ppl. 3( 4): 666-681. 
Cumming, S.G. & Burton, P.J., 1996. Phenology-mediated effects of climatic change on 
some simulated British Columbia forests. Clim. Change 34: 213-222. 
Ehleringer, J.R. & Field, C.B. (Eds.), 1993. Scaling Physiological Processes: Leaf to Globe. 
San Diego: Academic Press, 388 pp. 
Emanuel, W.R., Shugart, H.H. & Stevenson, M.P., 1985. Climatic change and the broad-
scale distribution of terrestrial ecosystems complexes. Clim. Change 7(1): 29-43. 
Evans, L.T., 1993. Crop evolution, adaptation and yield. Cambridge University Press, 
Cambridge, UK, 500 pp. 
Ingram, J., 1996. GCTE Focus 3 Wheat Network: 1996 Model and Experimental Metadata, 
Report No 2., Wallingford, UK, 257 pp. 
Goudriaan, J. & VanLaar, H.H., 1994. Modelling Potential Production Processes. Dordrecht, 
· The Netherlands: Kluwer Academic Publishers, 238 pp. 
Goudriaan, J. & Zadoks, J.C., 1995. Global climate change: modelling the potential 
responses of agro-ecosystems with special reference to crop protection. Environmental 
Pollution 87, 215-224. 
Grliters, U., Hofstaetter, B., Fangmeier, A. & Jager, H.-J., 1997. On the important role of 
wheat stem reserves when source-sink balance is distrubed by elevated C02• This 
volume. 
Haxeltine, A., Prentice, I.C. & Creswell, I.D., 1996. A coupled carbon and water flux model 
to predict vegetation structure. J. Veg. Sci. 7(5): 651-(566 
Hogg, E.H., 1997. Temporal scaling of moisture and the forest-grassland boundary in 
western Canada. Agric. and Forest Meteorology 84: 115- 122 
Holdridge, L.R., 1947. Life Zone Ecology. San JosE, Costa Rica: Tropical Science Center, 
206 pp. 
Matthews, R.B., Kropff, M.J., D. Bachelet,D. & Van Laar, H.H (Eds)., 1995. Modeling the 
Impact of Climate Change on Rice Production in Asia. CAB International I IRRI, 289 pp. 
Hunt, L.A. & Pararajasingham., S., 1995. Cropsim-Wheat: A model describing the growth 
and development of wheat. Can. J. Plant Sci. 75: 619-632. 
Huntley, B., Cramer, W., Morgan, A.V., Prentice, H.C. & Allen, J.R.M. (Eds.), 1997. Past 
and future rapid environmental changes: The spatial and evolutionary responses of 
terrestrial biota. Berlin: Springer-Verlag. NATO ASI Series Vol. 47, 523 pp. 
Jackson, M, Ford-Lloyd, B.V. & Parry, M.L., 1990. Climatic Change and plant genetic 
resources., Belhaven Press, London. 
Q7 
i 
. 
~~~- ~~"~ ~·~~ .. ,~Iun~il~~~J) .• J 996. Plant af:tap,tatiortJo J~!TIP~Latu~~nd photoperig~Agri~ultur~!ld FooA~~~·~ ~~~~···~··~·· ·~·~~·~···~ ··~~······~··~· ~ 
ScienceinEinland Vol5 3 :251-260. · . 
Germany. 
Kartschall, T., Grossman, S., Pinter Jr., P.J., Garcia, R.L., Kimball, B.A., Wall, G.W., 
Hunsaker, D.J. & LaMorte, R.L., 1995. A simulation of phenology, growth, carbon 
dioxide exchange and yields under ambient atmosphere and free-air carbon dioxide 
enrichment (FACE) Maricopa, AZ, for wheat. J. Biogeogr. 22: 611-622. 
Kienast, F., 1991. Simulated effects of increasing atmospheric C02 and changing climate on 
the successional characteristics of Alpine forest ecosystems. Landsc. Ecol. 5( 4): 225-238. 
Kowalik, P., Borghetti, M., Borselli, L., Magnani, F., Sanesi, G. & Tognetti, R., 1997. 
Diurnal water relations of beech (Fagus Sylvatica L.) trees in the mountains of Italy. 
Agric. and Forest Meteorology 84: 11 - 24. 
Kramer, K., 1996. Phenology and growth of European trees in relation to climate change. 
Wageningen Agricultural University, Wageningen, The Netherlands, 210 pp. 
Kropff, M.J., van Laar, H.H. & Matthews, R.B., 1994. ORYZA1, an ecophysiological model 
for irrigated rice production, SARP Research Proceedings. Wageningen, The 
Netherlands, 11 Opp. 
Lal, R., Kimble, J., Levine, E. & Stewart, B.A., 1995. Soils and Global Change. CRC Press, 
Boca Raton, USA, 440 pp. 
Lawlor, D.W., 1995. Photosynthesis, productivity and environment. J. of Exp Botany 46: 
1449- 1461 
Leuning, R., 1995. A critical appraisal of a combined stomatal-photosynthesis model for C-3 
plants. Plant Cell Environ 18(4): 339-355. 
McCown, R.L., Hammer G.L., Hargreaves J.N.G., Holzworth D.P. & Freebairn D.M., 1996. 
APSIM: a novel software system for model development, model testing and simulation in 
agricultural systems research. Agricultural Systems 50, pp 255-271. 
McMurtrie, R.E. & Wang, Y.P., 1993. Mathematical models of the photosynthetic response 
of tree stands to rising C02 concentrations and temperatures. Plant, Cell and Environment 
16(1 ): 1 - 13. 
Neilson, R.P., 1993. Vegetation redistribution: a possible biosphere source of C02 during 
climatic change. Water, Air and Soil Poll. 70(1-4): 659-673. 
Pacala, S.W., Deutschman, D.H., & de Rood, A.M., 1995. Details that matter: the spatial 
structure of individual trees maintains forest ecosystem functioning. Oikos 74 (3): 357-· 
365 
Plentinger, M.C. & Penning de Vries, F.W.T., 1996. CAMASE Register of Agro-ecosystem 
models, AB-DLO, Wageningen., The Netherlands, 411 pp. 
Porter, J.R., 1993. AFRCWHEA T2: A model of the growth and development in wheat 
incorporating responses to water and nitrogen. Eur. J. Agr. 2: 69-82. 
Porter, J.R., Leigh, R.A., Semenov, M.A. & Miglietta., F., 1995. Modelling the effect of 
climatic change and genetic modification on nitrogen use by wheat. Eur. J. Agronomy 
4(4): 419-429. . 
Prentice, I. C. & Leemans, R., 1990. Pattern and process and the dynamics of forest structure. 
J. Ecol. 78: 340-355. · 
Prentice, I.C., Cramer, W., Harrison, S.P., Leemans, R., Monserud, R.A. & Solomon, A.M., 
1992. A global.biome model based on plant physiology and dominance, soil properties 
and climate. J. Biogeogr., 19(2): 117-134. 
Rounsevell M.D.A. & Loveland, P.J., 1994. Soil responses to climate change. NATO ASI 
Series Vol23. Springer, Berlin. 312 pp. 
Rabbinge R. & Van Ittersum, M., 1994. Tension between aggregation levels. In: ·Fresco, 
L.O., StroosnUder, L , Bouma, J. & Van Keulen, H. (Eds.), The Future of the Land: 
Mobilising and Integrating Knowledge for Land Use Options. New York: John Wiley & 
Sons. pp 31 - 40. 

